the advent of vaccination (Hall and Khromykh 2004) . Several human vaccines are being developed, but so far none have been approved for use by the Federal Drug Administration (FDA) . In contrast to the situation in North America, few human or horse illnesses have been observed in the tropics. The reasons for the absence of WNV in the tropics are unknown, but several hypothetical explanations have been put forth, including the idea that protective immunity has been conferred from other circulating fl aviviruses, diff erences in the avian-host and mosquito-vector communities, and diff erences in the virulence of the virus when it circulates in the tropics (Tesh et al. 2002 , Weaver and Barrett 2004 , Komar and Clark 2006 .
Substantial research has been done on many aspects of WNV virology, ecology, and public health since its introduction in 1999. There have been several recent reviews of the ecology of WNV transmission (Komar 2003 , Marra et al. 2004 , Weaver and Barrett 2004 , Hayes et al. 2005 , and a large body of literature is available on a closely related virus, the St. Louis encephalitis virus (Monath 1980) . However, since the most recent reviews were published, substantial work has been done that greatly increases our understanding of the distribution and ecology of transmission of this virus and its eff ect on 3 E-mail: kilpatrick@conservationmedicine.org [Auk, Vol. 124 bird populations. The present review focuses on insights gained in these areas and highlights several areas of research that require immediate att ention.
Spread
Distribution.-By 2004, just fi ve years a er its introduction, WNV had spread throughout much of the United States, including 47 of the 48 lower states, into 9 provinces in Canada, throughout Mexico, onto several islands in the Caribbean, and into several countries in Central and South America (Dupuis et al. 2003 (Dupuis et al. , 2005 Estrada-Franco et al. 2003; Cruz et al. 2005; Matt ar et al. 2005; Farfan-Ale et al. 2006; Komar and Clark 2006; Morales et al. 2006; Bosch et al. 2007) (Fig. 1) . Its apparent absence from countries in Central and South America is more likely att ributable to a lack of eff ort to detect it than to the absence of the virus, because all these countries share migratory birds and other pathways (see below) with countries where it has been shown to be circulating (Fig. 1) . In the United States, Canada, Mexico, and Argentina, the virus has been isolated from mosquitoes, birds, humans, or horses. However, within the tropical latitudes south of Mexico, no viral isolates have been obtained except for a recent (2007) isolate from Puerto Rico (L. D. Kramer pers. comm.) . Evidence of local transmission has been based primarily on the presence of WNV-specifi c antibodies in resident birds or horses. Comparison of antibody titres using plaque-reduction neutralization assays has been used to exclude the possibility that WNVneutralizing antibodies resulted from exposure to other cross-reacting fl aviviruses.
Pathways of spread.-The pathways by which WNV has and will spread are diffi cult to determine but likely include migrating birds, dispersal of nonmigratory birds, movement of mosquitoes by fl ight or wind, and human transport of mosquitoes, birds, or other animals (Rappole et al. 2000; Peterson et al. 2003; Kilpatrick et al. 2004 Kilpatrick et al. , 2006b Reisen et al. 2004) . Eff orts to determine the role of migrating birds in the spread of WNV have included laboratory infection studies with birds in migratory condition (Owen et al. 2006) , eff orts to isolate virus from birds during migratory periods (R. McLean et al. unpubl. data) , sampling of birds killed by communication towers and skyscrapers (P. Marra and A. DuPuis unpubl. data) , and modeling eff orts (Peterson et al. 2003) . So far, none of these studies have provided conclusive evidence that migratory birds are transporting the virus long distances. Defi nitive evidence would require tracking a known viremic (virus in the blood) bird in the process of migration.
Ecology of Transmission
Transmission cycle.-West Nile virus is believed to be transmitt ed primarily between mosquitoes and birds in a bird-to-mosquitoto-bird cycle (see below for a discussion of the role of mammals). When mosquitoes feed on an infected or viremic bird, some fraction may become infected, depending on the magnitude of viremia and the susceptibility of the mosquito (Turell et al. 2002) . A er 1-14 days (depending on temperature; L. D. Kramer et al. unpubl. data) , the virus may escape the midgut of the mosquito and infect the salivary glands, resulting in an infectious mosquito (Turell et al. 2002) . Following a bite from this infectious mosquito, nearly all birds and mammals become infected, and most exhibit a viremic period of one to seven days (occasionally longer; Komar et al. 2003 ) that completes the cycle.
For birds that survive (death usually occurs between days 4 and 8 postinfection; Komar et al. 2003) , antibodies begin to appear a er day 4 (Styer et al. 2006) . These antibodies are long-lasting and confer protection against re-infection with WNV ). In addition, there appears to be some cross-protection against several fl aviviruses, including WNV and St. Louis and Japanese encephalitis viruses (Tesh et al. 2002, Fang and .
Other modes of transmission have been demonstrated, including direct bird-to-bird transmission , vertical transmission in mosquitoes (that may facilitate overwintering of the virus) (Nasci et al. 2001 , Dohm et al. 2002b , and nearly instantaneous transmission between infected and uninfected mosquitoes simultaneously feeding on the same host. This last mode was originally believed to be nonviremic transmission (Higgs et al. 2005) . Recent evidence suggests that infection of these cofeeding mosquitoes appears to be caused by a transient viremia from virus injected into the host by the infected mosquito, rather than by nonviremic transmission (Reisen et al. 2007b) .
Vectors.-At least 62 species of mosquitoes have tested positive for WNV infection in North America (CDC 2007) . However, fi nding a mosquito infected with WNV does not imply transmission or importance in transmission dynamics. Determining the importance of each species in local transmission requires quantitatively integrating mosquito abundance, prevalence of infection, vector competence, feeding behavior and, where possible, longevity (Reeves 1965 , Kilpatrick et al. 2005 ). The results of such an analysis suggest that only a few (one to three) species at each site play important roles in enzootic (bird-to-bird) or epidemic (bird-to-human) transmission (Kilpatrick et al. 2005) . The primary enzootic and epizootic vectors in northeast and north-central North America appear to be Culex pipiens and Cx. restuans (Kilpatrick et al. 2005) . These species are o en relatively abundant, are moderately competent, frequently show the highest prevalence of infection, and feed in large part on birds but also, sometimes, on humans and other mammals (Bernard et al. 2001; Andreadis et al. 2004; Kilpatrick et al. 2005 Kilpatrick et al. , 2006c . In some locations, Cx. salinarius may also be an important epizootic or bridge vector (Andreadis et al. 2004) , because it feeds frequently on both birds and mammals (Kilpatrick et al. 2005) .
Quantitative analyses of vector importance are lacking for other regions, but species believed to be important on the basis of available data include Cx. quinquefasciatus across southern [Auk, Vol. 124 North America and in Central and South America (Turell et al. 2005) , Cx. nigripalpus and Cx. erraticus in southeastern parts of the United States (Blackmore et al. 2003 , Cupp et al. 2007 ), and C. tarsalis across much of western North America , Turell et al. 2005 . Culex pipiens may also be important in urban areas in the western United States (Bolling et al. 2007 ). Other species of mosquitoes, including Aedes albopictus and Ae. vexans, have been proposed as potential epizootic or bridge vectors (Turell et al. 2005) , but the only quantitative analysis performed so far suggested that Ae. vexans and other non-Culex species were relatively unimportant in transmission to humans and other mammals (Kilpatrick et al. 2005 ) and would be even less important for bird-to-bird transmission.
Vectors other than mosquitoes have also been considered in the transmission of WNV. Laboratory transmission was demonstrated in so ticks (Hutcheson et al. 2005 ) but did not occur in hard ixodid ticks (Reisen et al. 2007a ). In general, ticks are not believed to play a major role in enzootic transmission but may act as a reservoir, because they can remain infected for long periods (Lawrie et al. 2004) .
Hosts.-The importance of each vertebrate host in viral transmission depends on (1) hostreservoir competence, which is a function of the intensity and duration of viremia and survival of WNV-infected birds; and (2) contact rates between that host and competent mosquito vectors (Hammon et al. 1943 , Scott 1988 . Although ≥317 species of birds and ≥30 species of mammals have been found infected with WNV (Marra et al. 2004 , CDC 2007 , only a very small subset of these are likely to play important roles in WNV transmission. The only analysis, so far, to quantitatively integrate data on these two factors showed that a single relatively uncommon species, American Robin (Turdus migratorius), was responsible for ∼60% of WNV-infectious mosquitoes across fi ve residential and urban sites in the mid-Atlantic United States (Kilpatrick et al. 2006c) .
Laboratory infection studies to estimate host competence have been published for 44 species of nondomesticated birds in 23 families and 11 orders Reisen et al. 2005a Reisen et al. , b, 2006 Reisen et al. , 2007a Clark et al. 2006; Nemeth et al. 2006; Owen et al. 2006; Reisen and Hahn 2007; Platt et al. 2008) , 3 species of wild mammals (Tiawsirisup et al. 2005b , Root et al. 2006 , Platt et al. 2007 , and 5 species of reptiles and one amphibian Komar 2003, Klenk et al. 2004) . In these experiments, animals are infected by either allowing infectious mosquitoes to feed on them or by an intramuscular or subcutaneous injection of virus. Blood samples are then taken approximately daily until animals die or clear the virus from their blood (usually one to seven days a er infection). These data can then be used to estimate host competence or the fraction of vectors biting an infected host that is likely to become infectious.
Vertebrate host competence.-Host competence is a term that describes the infectiousness of an infected host. For WNV, it can be quantifi ed for an individual as the sum (over the viremic period) of the daily probabilities that a mosquito biting that bird will become infectious for WNV . Thus, hosts that have long viremic periods and high-titred viremias (and, thus, high infectiousness to biting mosquitoes) are highly competent. The host-competence index for a species should estimate the average infectiousness of several individuals and weigh the infectiousness of each individual equally. Calculating a numerical value of host competence (e.g., the "competence index"; Komar et al. 2003 ) for a species requires an equation for the fraction of mosquitoes that will become infectious a er feeding on a host as a function of host viremia. Although the viremiainfectiousness relationships appear to diff er for diff erent mosquito species, the lowest viremia that leads to any infectious-transmitt ing mosquitoes appears to be in the range of 10 4 to 10 5 plaque-forming units (PFU) mL -1 (Sardelis et al. 2001 , Reisen et al. 2005a , Tiawsirisup et al. 2005a , Turell et al. 2005 and references therein). However, this threshold is of limited importance, and att ention should be focused on the actual fraction of mosquitoes that become infectious, which starts at zero at ∼10 4.6 PFU mL -1 for Cx. pipiens and increases linearly with the logarithm of host viremia (Tiawsirisup et al. 2005a ).
We calculated a competence index for each of the 53 wild vertebrate species that have been studied by experimental infection. We used a viremia-infectiousness relationship for Cx. pipiens that was based on data from three studies of mosquitoes held at 26-27°C a er feeding (Turell et al. 2000 , Dohm et al. 2002a , Tiawsirisup et al. 2005a ): % infectious (transmitt ing) = 0.1349 × Log10 (Viremia) -0.6235 (R 2 = 0.66, P = 0.001, n = 13 Komar et al. 2003) , but this previous equation was based on only two data points (Turell et al. 2000) . We calculated competence indices for each species by fi rst calculating an average daily infectiousness by averaging the infectiousness of individuals on that day (obtained by inserting each individual's logged, base 10, viremias into the equation). If an individual had a viremia less than the threshold of zero infectiousness (10 4.62 PFU mL -1 ), its infectiousness was set to zero before averaging across individuals. We then summed these species' average daily infectiousness values across the viremic period to give a competence index for the species. This analysis contrasts with a previous approach in which averaging was done on the raw (unlogged) viremia titres . Our averaging method produces an index for a species that weighs the infectiousness of each individual equally and avoids infl ation of average viremia and infectiousness by a single animal with a high-titred viremia. Finally, we did not adjust competence indices depending on needle or mosquito inoculations as has been done previously , because recent work suggests that although viremias are higher for mosquito inoculation than needle injection during the fi rst 24 h postinfection, they were lower on days 3-4 postinfection (Styer et al. 2006) . We were unable to derive a single conversion between the two inoculation methods or to account for diff erent inoculation doses on the basis of the available data. We encountered one further diffi culty in estimating host competence from published data where only average daily viremias were reported, rather than daily viremia titres for each individual. If average daily viremia values included individuals with viremia titres both above and below the threshold of infection, infectiousness for the species on that day was underestimated.
Using this approach, the eight most competent hosts included species from fi ve families and two orders of birds (Fig. 2) . The next group of 11 moderately competent hosts included fi ve passerines, three raptors, and Greater Sage-Grouse (Centrocercus urophasianus). The remaining 34 species that were weakly competent or incompetent included some passerines, doves, pheasants, ducks, and geese. Overall, these data suggest that signifi cant variation in competence exists at all taxonomic levels, but variability is greater between families of birds than within them (Kilpatrick et al. 2006c) , and a family average could be used as a surrogate for an unstudied species within that family. The data in Figure  2 can be used, in combination with mosquitofeeding data (see below), to determine the community average reservoir competence at a site and to test hypotheses such as the dilution eff ect. This theory att empts to link the prevalence of infection in vectors with the competence and diversity of the vertebrate host community (Ostfeld and Keesing 2000) . These competence data clearly indicate that characterizing all passerines as competent and all nonpasserines as incompetent (Ezenwa et al. 2006 ) is incorrect and may lead to spurious conclusions.
Birds have generally been considered the most important amplifi cation hosts for WNV, and bird-biting mosquitoes of the genus Culex are believed to be the most important enzootic vectors (Turell et al. 2002 (Turell et al. , 2005 Kilpatrick et al. 2005) . This is because mammals, reptiles, and amphibians generally have signifi cantly lower viremias than many species of birds, resulting in a very small fraction of biting mosquitoes becoming infectious from these nonavian hosts (Fig. 2) . In addition, birds are fed on much more frequently than these classes of animals by mosquitoes of the genus Culex that are most frequently infected (Apperson et al. 2002 (Apperson et al. , 2004 Kilpatrick et al. 2006c, d; Molaei et al. 2006; Savage et al. 2007 ). For example, eastern chipmunk (Tamias striatus), the most competent wild mammal studied to date (Platt et al. 2007 ), has not been identifi ed from any of the >2,300 Culex bloodmeals identifi ed in the studies just cited. Similarly, in terms of infectiousness, their competence index was a low 0.36 (Fig. 2) . This means that, on average, over the four-day viremic period, only 9% of mosquitoes feeding on chipmunks would become infectious with WNV. This low competence value was supported [Auk, Vol. 124 by data from the same study, in which 2 of 84 Ae. triseriatus that fed on the viremic chipmunks became infectious and 1 of 9 Cx. pipiens became infected (but not infectious). Overall, mammals ranked 25th, 33rd, and 36th of the 53 species of birds, mammals, and reptiles studied (Fig. 2) . It should be noted that although some mosquitoes can become infected from feeding on mammals and other vertebrate hosts with low viremias, very few become infectious (i.e., can transmit during a subsequent feeding).
Important areas for future research on host competence include determining (1) the diff erence in competence between nestling, hatchyear, and adult birds (Mahmood et al. 2004 , Griffi ng et al. 2007 ; (2) Host-vector contact.-The second component that determines the role of a host in WNV amplifi cation is contact rate with vectors. This is because a highly competent host will be important in pathogen amplifi cation only if it is frequently fed on by mosquitoes. Several recent studies of mosquito feeding behavior have generated some general patt erns. First, American Robins, a moderately competent host , appear to be fed on frequently by Cx. pipiens across a broad area of the eastern United States including Tennessee (Savage et al. 2007 ), the mid-Atlantic (Kilpatrick et al. 2006c, d; Griffi ng et al. 2007) , and the northeast (Apperson et al. 2002 (Apperson et al. , 2004 Molaei et al. 2006) . Second, feeding of Cx. pipiens on American Robins decreases in the fall (Kilpatrick et al. 2006d , Molaei et al. 2006 ) at the same time that American Robins disperse from some urban and residential areas. This decrease in feeding has been associated with an increase in feeding on humans (Kilpatrick et al. 2006d) . Recent work has shown that feeding of Cx. pipiens is infl uenced by genetic ancestry, but no change in genetic ancestry was detected over the mosquito season, which suggests that host availability is a more likely explanation for the feeding shi . Feeding also appears to shi from birds to mammals in other regions and for various species of mosquito, including Cx. nigripalpus in Florida (Edman and Taylor 1968) , Cx. tarsalis and Cx. pipiens in Colorado (Tempelis et al. 1967) , Cx. tarsalis in California (Tempelis et al. 1965) , and Cx. erraticus in Alabama (Hassan et al. 2003) , and this is likely to intensify WNV epidemics in humans in these regions (Kilpatrick et al. 2006d ). Third, Mourning Doves (Zenaida macroura) appear to be fed on frequently in some areas (Kilpatrick et al. 2006c; Molaei et al. 2006 Molaei et al. , 2007 but, given their relatively low viremias , Reisen et al. 2005a , they are more likely to dampen than amplify WNV epidemics.
Key gaps in our knowledge include the feeding patt erns at the species level of key WNV vectors (Cx. tarsalis, Cx. pipiens, Cx. quinquefasciatus) in the Midwest, the western United States, Canada, and south of the United States. Although extensive work was done in the 1970s on mosquito feeding in the western United States (Tempelis 1974) , the techniques available at that time did not allow easy identifi cation of individual host species, and this precision is crucial for understanding WNV transmission (Kilpatrick et al. 2006c ). Second, research on vector feeding should also include abundance surveys of the avian community at the time of collection of engorged mosquitoes, so feeding preferences (and consequences for amplifi cation) can be determined (Hassan et al. 2003 , Kilpatrick et al. 2006c . Third, additional studies that integrate mosquito feeding with host-competence data are needed to determine the key amplifi cation and dampening hosts for WNV (Kilpatrick et al. 2006c ) and help identify potential hotspots and potential control strategies, such as vaccination.
Avian seroprevalence studies.-Many studies have examined the seroprevalence of WNV antibodies in birds. Generalities emerging from this work include a higher seroprevalence (1) in adults than in young of the year (Beveroth et al. 2006 , Gibbs et al. 2006 , (2) in residents than in migrants , and (3) in birds in urban and suburban than in birds from rural or forested habitats , Gibbs et al. 2006 Reisen et al. 2004 , Ringia et al. 2004 , thrushes (Turdidae: American Robins [Auk, Vol. 124 and Wood Thrushes [Hylocichla mustelina]), and House Sparrows (Komar et al. 2001 , Beveroth et al. 2006 . Seroprevalence studies off er some insight into relative patt erns of exposure but are biased by fatal infections that occur in some species but not in others. Other key shortcomings of most seroprevalence studies include grouping of adult and hatch-year birds, despite the fact that birds of diff erent ages have been exposed for diff erent lengths of time. This makes it diffi cult to determine whether patt erns of seroprevalence represent diff erences in age structure or exposure of birds. Similarly, most studies group all birds trapped over an entire transmission season, despite the fact that the probability of having WNV antibodies diff ers with capture date .
Spatial variation in transmission.-Surveillance by county health departments throughout the United States and Canada have shown that WNV transmission occurs in nearly all counties where eff orts have been made to detect it (U.S. Geological Survey [USGS] 2007). However, the intensity of transmission, as measured by human incidence, varies by at least two orders of magnitude (CDC 2007) . Mechanisms that are likely to create spatial variability in WNV transmission include mosquito abundance, host and vector competence, and vector-feeding behavior (Fonseca et al. 2004; Kilpatrick et al. 2005 Kilpatrick et al. , 2006c Kilpatrick et al. , d, 2007 Cohen et al. 2007) . Understanding the mechanistic drivers of spatial variation in transmission remains a major focus of current ecological research, as does the role of environmental factors (e.g., climate) in creating large populations of WNV mosquito vectors.
West Nile virus surveillance.-In the fi rst few years a er the introduction of WNV, reporting and testing of dead birds proved to be the most sensitive indicator of the presence of WNV in an area and an indicator of earlyseason transmission (Guptill et al. 2003) . In some areas, dead crow reporting (Eidson et al. 2001) and a spatial clustering model called DYCAST (Theophilides et al. 2003) have also been used to identify hot spots of transmission. Since then, however, public interest in reporting of dead birds has waned, and WNV budgets of health departments have been reduced signifi cantly. As a result, new ways to estimate the risk of human epidemics and allocate resources for disease control are needed. Previous work has shown that temporal variation in human cases (Kilpatrick et al. 2006d ) and spatial variation in nonhuman primate exposure to WNV (Cohen et al. 2007 ) were highly correlated with the abundance of WNVinfected human-feeding (or mammal-feeding) mosquitoes. This suggests that this risk measure (the sum across all mosquitoes of the product of mosquito abundance, prevalence, feeding frequency on humans, and modifi ed vector competence; Kilpatrick et al. 2005 ) might be a useful index for allocating control eff orts. It remains to be determined whether a single value (or temporal trend) can be used across sites for some of these measures (feeding frequencies, vector competence) and still maintain predictive utility of the risk index. Regardless, even collection of mosquito abundance and prevalence data is costly, and currently health departments are struggling to maintain budgets for these activities.
Effects on Bird Populations
The introduction of WNV in the Western Hemisphere was immediately accompanied by substantial mortality in corvids and several other bird species (Nash et al. 2001) . A key question since that time has been what eff ect this disease would have on bird populations and other animals (Marra et al. 2004) . Att ention was also focused on those species that were already threatened or endangered, including Florida Scrub-Jays (Aphelocoma coerulescens), Whooping Cranes (Grus americana), California Condors (Gymnogyps californianus), Greater Sage-Grouse, and Kirtland's Warbler (Dendroica kirtlandii). The precipitous decline of some populations of Greater Sage-Grouse following WNV arrival provided an alarming demonstration of the possible eff ect of WNV on an already threatened species (Naugle et al. 2004) . Thankfully, as of yet, no signifi cant population eff ects of WNV have been observed in any other endangered or threatened species.
One approach that was taken with highly managed populations of Whooping Cranes and California Condors was to vaccinate captivereared birds with a DNA vaccine (Chang et al. 2007 ). The vaccinated animals developed protective antibodies, and vaccination may have prevented mortality, though the susceptibility of both species is unknown. This strategy of vaccinating threatened species or captive individuals off ers temporary relief, but it interferes with the natural selection for resistance (Kilpatrick 2006) and, therefore, requires continuous management action.
A er eight seasons of transmission, the impacts of WNV on populations of some species of birds are evident. Several early studies documented substantial eff ects of WNV on local populations of American Crows (Yaremych et al. 2004 , Caff rey et al. 2005 , Blue Jays , and Greater Sage-Grouse (Naugle et al. 2004 ). However, early att empts to determine the regional eff ects of WNV on bird populations (Bonter and Hochachka 2003 , Caff rey 2003 , Hochachka et al. 2004 failed to fi nd uniform regional infl uences of WNV and instead found signifi cant spatial heterogeneity in population trends.
In contrast, a recent broad-scale study across the United States found signifi cant eff ects att ributed to WNV on 7 of the 20 species studied (LaDeau et al. 2007 There was no clear evidence of WNV-related declines in 13 other species, but some were declining from other causes. A key result was that the species that were found to be aff ected by WNV were those that were predicted to suffer from WNV on the basis of a priori knowledge of mosquito-feeding patt erns, serology, and susceptibility based on laboratory infections (LaDeau et al. 2007 ). In addition, the aff ected species were all common residents in urban and residential areas where WNV vectors are known to be present. This suggests that additional mosquito-feeding studies, when paired with serological investigations or experimental laboratory infection studies, may help pinpoint the other species that are likely to experience population eff ects. Large-scale monitoring eff orts, such as the Breeding Bird Survey (BBS), can be used in conjunction with local telemetry or mark-recapture studies to confi rm or refute these predictions and to identify species that may require immediate management att ention. Unfortunately, many groups of birds (e.g., shorebirds, waterfowl, raptors) and certain habitats (e.g., urban areas, areas far from roads) remain poorly covered by current monitoring eff orts. In addition, certain species may be too rare to be detected in mosquito-feeding studies. As a result, new, innovative techniques are needed to determine the eff ects of WNV and other emerging infectious diseases on wildlife.
The diff erence between the study that found widescale eff ects of WNV (LaDeau et al. 2007) and those done earlier (Bonter and Hochachka 2003 , Caff rey 2003 , Hochachka et al. 2004 ) may be the fact that LaDeau et al. (2007) used summer BBS data, rather than winter Christmas bird counts (CBC) and feeder watch counts. Winter count data may be less accurate for determining the local eff ects of WNV, because the location where birds were counted is not necessarily the same as where populations were exposed to WNV during the summer. In addition, the greater eff ects observed by LaDeau et al. (2007) may be because several additional years of transmission had occurred between their analyses and previous studies. In support of this assertion, the population eff ects observed by LaDeau et al. (2007) were greater in areas of the eastern United States, where WNV had been present for longer than in the western United States. This begs the question of whether there are additional species of birds suff ering signifi cant eff ects from WNV (especially in western North America) and whether observed declines will continue to occur or will species recover or reach stable populations, but at lower levels.
A number of key questions remain regarding the infl uence of WNV on wildlife populations. First, what makes a species susceptible to morbidity or mortality from WNV infection? Available data show that there is a clear taxonomic component to susceptibility to WNV mortality, with corvids being almost universally susceptible, whereas doves tolerate infection quite well Reisen et al. 2005a Reisen et al. , 2006 . However, this observation merely pushes the question back a step: What makes corvids and some other species more susceptible? Do they have poorer immune function or, more likely, are there virus-host interactions that result in high susceptibility to WNV? Similarly, why are some individuals of each species more susceptible to morbidity and mortality than others? Finally, why do mosquitoes prefer to feed on some species and individuals (Griffi ng et al. 2007 ) rather than others? Is feeding based on odor, roosting height or location, gregariousness, defensive [Auk, Vol. 124 behavior, or amount of exposed skin of a species or individual? Careful laboratory and fi eld experiments will be required to address all these issues.
Future Research Needs
In addition to those questions already highlighted, several large areas of research remain unexplored. Foremost for the ecological community are the secondary eff ects of WNVcaused population declines. Many of the species that have been shown to be aff ected by WNV are also known to be important species in ecological processes including scavenging of carcasses, nest predation, seed dispersal, and control of insect pests (LaDeau et al. 2007 ). Substantially lower abundances of corvids may be accompanied by decreased nest predation, whereas lower abundances of American Robins and Eastern Bluebirds may decrease the dispersal of seeds. At present, no studies have investigated the potential secondary eff ects of WNV-induced population declines.
One key issue that challenges our ability to understand the ecology of WNV and predict its eff ects on wildlife and human health is the evolution of the virus itself, its vectors, and its hosts, all of which are likely occurring. For example, the introduced genotype of WNV (NY99) was displaced by a new genotype that was initially detected in 2001 (WN02), and this new genotype subsequently spread throughout North America (Davis et al. 2005) . The displacement of the introduced genotype NY99 by WN02 is only beginning to be understood, but early studies have shown that it is more effi cient at replicating in mosquitoes (Ebel et al. 2004 , Moudy et al. 2007 , L. D. Kramer et al. unpubl. data) . Unfortunately, selection for increased virulence in birds may not be balanced by a reduction in the infectious period. This is because in most species, death usually occurs on days 4-8 (Komar et al. 2003, Fang and -at the same time that survivors clear the virus from the blood stream. As a result, increases in virulence are likely to result in higher host viremias (making hosts more infectious) and increased mortality, which would reduce the number of immune hosts remaining a er infection. In short, it appears that the virus could be substantially more virulent before it would face any trade-off s between virulence and the length of the infectious period, in all but a few host species.
Taken together, all this highlights the importance of continued research on the virus, its vectors, and its vertebrate hosts throughout the Western Hemisphere. Substantial work needs to be done in developing countries to the south of the United States on the ecology of WNV transmission, as well as on the acquisition of more accurate measurements of population eff ects on wildlife. West Nile virus is just one in a series of avian diseases to emerge in recent years (Kilpatrick et al. 2006a ). An integrated Western Hemisphere plan to cope with these biological invasions and strategies to minimize the risk of disease spread are urgently needed. 
